The European honey bee (Apis mellifera) is a charismatic species that plays a critical role in the 6 pollination of agriculturally important crops and native flora. One emerging field of research is 7 that of the host-associated honey bee microbiome: a group of bacterial phylotypes consistently 8 found within the honey bee, which may play critical roles such as protection from pathogens and 9 nutrient acquisition. In other model systems, host-associated microbial communities are known to 10 participate in a form of bacterial communication known as quorum sensing. This type of 11 communication allows bacteria to sense their environment and respond with changes in gene 12 expression, controlling a number of factors including virulence, biofilm formation, and cell 13 motility. Here, we have investigated the production of a specific quorum sensing molecule by 14 honey bee microbes in vivo and in vitro. We specifically focused on the inter-species signaling 15 molecule, autoinducer-2 (AI-2). We identified the production of AI-2 by both the entire 16 community (using honey bee gut homogenates) and by cultured isolates, using a Vibrio harveyi 17 biosensor. By comparing newly emerged and adult bees, we showed this signal is likely coming 18 from the core microbial community. Finally, using honey bee specific bacterial isolates, we 19 identified changes in biofilm production when isolates are exposed to increased levels of 20 exogenous AI-2. Altogether, these data provide multiple lines of evidence for the presence of 21 quorum sensing inside the honey bee host. The effect of AI-2 on biofilm formation by honey bee 22 specific bacteria identifies one potential avenue for quorum sensing to affect host health. 23 2 24
Introduction 31
Host-associated microbial communities (the microbiota) can have dramatic effects on the health, 32 fecundity, and longevity of many insect hosts. For example, germ free Drosophila are unable to 33 survive the larval stage when in low nutrient environments and their survival can be restored with 34 the addition of just one bacterial strain (1, 2) . Additionally, alterations in the microbiome can affect 35 traits as from mating behavior (3) to protection from pathogens (4, 5) . These examples point to the 36 critical and varied roles of the microbiota in insects. Insects are the most numerically and 37 taxonomically abundant animal group on the planet and play important roles in disease ecology 38 (6), herbivory (7), pollination (8), and other ecosystem processes (9, 10) . It is therefore vital that 39 we understand how insect associated microbes may shape insect health and subsequently or 40 directly, impact their ecological roles. 41 The honey bee gut microflora is described as a consistent group of bacterial clades, dominated by
The assay to detect AI-2 production was performed as previously described using a Vibrio harveyi 133 reporter strain (34). The Vibrio harveyi TL26 reporter strain (ΔluxN ΔluxS ΔcqsS; (35) ) was used 134 in combination with a positive control: V. harveyi BB120 (Wild type). Vibrio cultures were grown 135 in autoinducer bioassay (AB) medium aerobically at 30°C overnight. Entire digestive tracts were 136 removed from foragers by dissection and were homogenized in sterile PBS either by section or the 137 entire tract. Honey bee bacterial isolates were grown anaerobically in BHI broth at 37°C for two 138 days. For use in the assay, an overnight culture of TL26 strain was diluted to 1:1000 and 1:5000.
139
Isolates and gut homogenates were tested in triplicate by adding the undiluted, cell free supernatant 140 of each isolate to the 1:5000 dilution of TL26. The positive control contained the cell-free and Schmidhempelia bombi, Figure 1 . Finally, alignment of the LuxS protein sequences identified 203 the conserved domains and residues known to be important for LuxS activity ( Figure 1C ). Highly 204 conserved regions included the catalytic active residue (the cysteine at position 87, arrowhead in 205 Figure 1C ) and known metal co-factor binding sites (Asterisks in Figure 1C ). This analysis 206 suggested that these LuxS proteins might be both conserved within two important honey bee gut 207 symbiont groups (the Bifidobacteria and gamma-proteobacteria), and potentially functional.
208
Detection of AI-2 production honey bee microbiota 209 One approach to determine whether LuxS is functional in the honey bee gut symbionts is to identify 210 the production of autoinducer-2 (AI-2). Towards that end, we used a biological reporter assay,
211
where a strain of Vibrio harveyi (TL26), which is incapable of producing autoinducers and 212 responds to exogenous AI-2 only, was cultured in the presence of honey bee gut extracts. When 213 TL26 senses AI-2, it responds with the production of light, which we detected using a 214 spectrophotometer (see methods for more detail). We were able to detect significant AI-2 215 production in entire digestive tracts of honey bee workers as well as gut sections (fore, mid, and 216 hindgut) ( Figure 2) . These data suggest that AI-2 is being produced within honey bee gut digestive 217 tract.
218
Gilliamella strains express luxS in mature adult bees 219 of AI-2 by these early colonizers may allow other species to form biofilms at higher density. This 287 hypothesis awaits further testing.
288
The presence of luxS in Frischella as well as isolates from Bombus species suggests that social 289 behaviors in these microbes, such as the production of AI-2, may be conserved across bee 290 associated microbes, both pathogens and mutualists. The production of AI-2 and quorum sensing 291 writ large is not uniformly beneficial to a host, as virulence is another density dependent behavior upregulating biofilm formation and adhesion (50, 51). Importantly, we identified a luxS in 297 Frischella perrara, a putative bee pathogen, and in this organism, AI-2 may be utilized to promote 298 pathogenicity within the honey bee host (52).
299
To our knowledge, this is the first time quorum sensing has been shown to occur in the honey bee 300 microbiota. Investigations such as this one can help to identify not only behaviors mediated by 301 quorum sensing but potential cross-talk and communication between microbial members in the 302 gut. For example, although we focused on a single quorum sensing molecule (AI-2), there are 303 likely many other molecules (such as AHLs and oligopeptides) produced in vivo by honey bee gut 304 microbes. To form a complete picture of microbial communication between community members, 305 additional quorum sensing molecules need be examined as well as their effects on gene regulation. 306 We know that the honey bee bacterial community is specific and consistent (in terms of the 307 presence of members), however the proportion of different bacteria within individual bees can vary 308 (16, 19) . If these bacterial members are participating in intra-species communication and shown within the genomes of two honey bee specific isolates (Gilliamella apicola and Bifidobacterium 3 sp.). (B) A phylogeny generated based on aligned LuxS amino acid sequences from honey bee and bumble 4 bee associated microbes. (C) LuxS homologs from honey bee specific isolates (Gilliamella apicola and 5
Bifidobacterium asteroids) and bumble bee isolates (Schmidhempelia bombi and Bifidobacterium bombi), 6
were identified by functional gene annotation in an existing metagenomic dataset. Shaded areas represent 7
highly conserved regions among these sequences as well as those of other published LuxS homologs (36, 8 38, 48) . Asterisk = conserved iron binding sites; arrowhead = catalytic cysteine. 9 10 11
Figure 3. luxS gene expression increases and bacterial community composition changes as adult bees 22
mature. Bacterial community composition, based on 16S rRNA, in newly emerged bees is dominated by 23 unclassified bacterial taxa whereas adult bees have acquired the characteristic worker bee microbiome. 24
Additionally, relative expression of luxS (qPCR) by Gilliamella apicola is detectable in mature adult bees 25 while in newly emerged bees we observed no amplification of the transcript (NA = No Amplification). members. Biofilm production on a chitin substrate by honey bee associated microbes was quantified 44 using a standard crystal violet assay. Cultures were incubated either without (dark grey) or with (light 45 grey) purified AI-2 added (see methods). Black line across the graph represents the average absorbance 46 from sterile media controls across treatments. Comparisons were made between isolates treated with AI-2 47 and the same isolate without AI-2 added using t-tests. Significance designated by *** = < 0.001, * = p < 48 0.05. 49
